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ABSTRACT 

The concept of the aurora l  s u b s t o r m  is reviewed in t e r m s  of 

recent  satel l i te  measu remen t s  of the magnetospheric  effects of a subs to rm,  

and a m o r e  general  and inclusive terminology, the magnetospheric  

subs to rm,  i s  suggested.  In support of this suggestion it is shown that 

the var ious f o r m s  of geomagnetic micropulsat ions and energet ic  e lectron 

precipitation which have been discussed in papers1 and I1 occur a t  their  

respect ive local  t imes  during a subs torm.  Balloon x - r a y  and m i c r o -  

pulsation data obtained by the Berke ley  group a s  well a s  r iometer  

absorption, e a r t h  cu r ren t s  and s tandard magnetograms f r o m  seve ra l  

a u r o r a l  zone stations have been used. 
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INTRODUCTION 

In pape r s  I and I1 it was shown that the f o r m s  and t empora l  

c ha rac  te ris t ic  s of energet ic  e lec t ron  precipitation and micropulsat ion 

activity are determined by the loca l  t ime of occurrence .  The purpose 

of this  paper  is to p re sen t  evidence that these var ious  types of activity 

do not occur  randomly, but occur p r imar i ly  a t  t imes  when an  a u r o r a l  

subs to rm (Akasofu, 1964) is in p r o g r e s s .  Balloon x - r a y  and m i c r o -  

pulsation data  obtained by the Berke ley  group during p a r t s  of August, 

1965 and September ,  1966 will  be  used  to  show that whenever an  e lec t ron  

precipi ta t ion and micropulsation event occur red ,  r ega rd le s s  of the local  

t ime of observation, an  a u r o r a l  subs to rm is in  s o m e  phase of i t s  

development on the night s ide of the ea r th .  Standard magnetograms 

f r o m  var ious  a u r o r a l  zone stations a r e  used  to a sce r t a in  the occurrence  

of a n  a u r o r a l  subs torm.  

f o r m  of energet ic  e lec t ron  precipitation and micropulsat ion to  a specific 

phase  of an a u r o r a l  subs torm,  nor  will  the problem of possible  sys t ema-  

t ic  time delays between stations at different local  t imes  be d iscussed .  

No’at tempt  will  be made  to r e l a t e  a par t icu lar  

MAGNETOSPHERIC SUBST ORM 

Before present ing the observational r e su l t s ,  the question a r i s e s  

as to  the appropriate  terminology to  desc r ibe  the complicated physical 

p r o c e s s e s  occurr ing  in the magnetosphere which produce an a u r o r a l  

subs to rm.  The concept of the a u r o r a l  subs to rm w a s  introduced by 

Chapman and Akasofu ( Akasofu, 1964) to desc r ibe  the cha rac t e r i s t i c  

d i s turbed  f o r m s  of the au ro rae  at different times and different longitudes 

after the breakup of the au ro ra l  a r c s  around local  midnight. The t e r m  

s u b s t o r m  indicates  that  these a u r o r a l  d i s turbances  a r e  a fundamental  

p a r t  of the long-lived geomagnetic main  phase s t o r m s .  In view of 
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recent  satel l i te  observat ions,  Anderson ( p r i \  at e communication) and 

Br ice  (pr iva te  communication) have suggested that the concept of the 

au ro ra l  subs to rm be generalized to  include, all of t h c  associated magneto- 

spher ic  phenomena. In o rde r  to emphasize this point we will review some 

of the magnetospheric observations that r e l a t e  to a u r o r a l  subs to rms .  

Severa l  cor re la t ion  studies between magnetospheric  fields and 

pa r t i c l e s  measu remen t s  and aurora l  dis turbances have appeared in the 

recent  l i t e r a t u r e .  Anderson (1965) observed that the 40 keV electron 

is lands in the tail of the magnetosphere occurred  m o r e  frequently during 

t imes  of high A Rehannon and Ness  (1966) found that the magnitude 

of the magnetic f ie ld  in the tail of the magnetosphere generally inc reases  

during the ma in  phase  s t o r m ,  and that it decreased  during a subs torm.  

Heppner,  -- e t  a1 (1967) a l so  found tha t  the magnetic field in the region 

10 to  16 R dec reased  af te r  the occurrence  of a negative bay. Consistent 

with this evidence, Anderson and Ness  (1966) cor re la ted  an increase  in 

the electron island fluxes with a dec rease  in the tail magnetic field.  

P' 

e 

Ness  and W i l l i a m s  (1966) and Williams and Ness  (1966) observed 

that the collapse of the high latitude trapping boundary during magnetic 

s t o r m s  was  co r re l a t ed  with an inc rease  in the magnetospheric tail f ield.  

Cahill  (1966) showed the inner magnetosphere to  be inflated during a 

magnet ic  s t o r m ,  and la rge  periodic magnetic fluctuations were  associated 

with a subs torm.  Lin and Anderson (1966) a l s o  observed that hydro-  

magnetic waves attained their  deepest  penetration of the magnetosphere 

during t i ines  of high K . The dynamics of the inner magnetosphere 

have been fur ther  descr ibed  by Carpenter  (1966) who showed that the 

p lasmapause  moved inward when magnetic activity increased .  Recently, 

Ca rpen te r  (1967) observed that the inward motion of the whist ler  ducts 

s t a r t e d  about 12 minutes  before the onset of a negative bay, and 

P 
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in te rpre ted  this  motion in t e rms  of an azimuthal  e l ec t r i c  field. 

It i s  a l so  becoming evident that  subs to rms  a r e  e s sen t i a l  i n  under -  

standing the over -all dynamical p r o c e s s e s  of the magnetosphere .  

Fa i r f i e ld  and Cahill  (1966) re la ted the north-south component of the in te r  - 

plane tary  and t rans i t ion  region magnetic f ie ld  to the occur rence  of au ro ra l  

zone d is turbances .  When a sudden switch to a southward d i rec ted  

component of the magnet ic  field occur red ,  an inc rease  in a u r o r a l  zone 

d is turbances  followed. These  r e su l t s  have been substant ia ted by 

Schat ten and Wilcox (1967) who showed that K 

the in te rp lane tary  magnet ic  field had a southward d i rec ted  component. 

It i s  in te res t ing  to note that  the polar  station used  by Fa i r f ie ld  and 

Cahi l l  in  the i r  analysis  showed an  a lmost  immediate  inc rease  in the 

dis turbance level  a f te r  the switch to the southward d i rec ted  magnetic 

f ie ld  component,  and that  the assoc ia ted  s u b s t o r m  a t  a u r o r a l  zone 

lati tude occur red  one t o  two hours a f te rward .  This  evidence lends 

suppor t  to the field l ine reconnection model  for  the convective magneto- 

s p h e r e  proposed by Dungey (1963), Levy, -- e t  a1 (1964), and Axford, -- e t  a1 

(1965). Recent  observat ions by Heppner,  -- e t  a1 (1967), however ,  indicate 

tha t  the physical  p r o c e s s e s  involved in a s u b s t o r m  may  be m o r e  

complicated.  

was general ly  higher when 
P 

The var ious  f o r m s  of energet ic  e lec t ron  precipi ta t ion and geo- 

magnet ic  micropulsat ions were  shown in pape r s  I and I1 to depend ve ry  

s t rongly  on the local  t ime at which they were  observed .  The r e su l t s  

t o  be  presented  below give s t rong evidence for  the fact  that these  two 

phenomena occur  p r i m a r i l y  during a u r o r a l  subs to rms .  It i s  c l e a r ,  then,  

tha t  the a u r o r a l  subs to rm i s  pa r t  of a world-wide dis turbance,  and that  

it i s  the dynamical  p rocesses  occurr ing  throughout the magnetosphere 

which de te rmine  the local  time cha rac t e r i s t i c s  of the subs to rm.  
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In o rde r  to general ize  the concept of the a u r o r a l  s u b s t o r m  to  include 

all of the magnetospheric  effects,  we propose that the term magnetospheric  

subs to rm be used .  

METHOD O F  ANALYSIS 

In o r d e r  to study the relat ion of e lec t ron  precipitation and magnetic 

micropulsat ion activity to the magnetospheric  subs to rm,  we have examined 

eve ry  e lec t ron  precipitation and micropulsat ion event which occur red  during 

5 days of continuous data  coverage at F l in  Flon,  Manitoba, Canada in  

August, 1965. Energe t ic  e lec t ron  precipi ta t ion data  f r o m  balloons flown 

by the Berke ley  and Sparmo groups and r i o m e t e r s ,  micropulsat ion data  

f r o m  induction coils and ea r th  cur ren ts ,  and magnetometer  data  f r o m  

magnetograms have been plotted to  the s a m e  time s c a l e ,  and combined 

into cor re la t ion  plots for  a single station. Sequences of such plots f r o m  

t h r e e  widely separa ted  stations w e r e  then examined to de te rmine  the 

s imultaneous,  local  time cha rac t e r i s t i c s  of the e lec t ron  precipitation and 

micropulsa t ions ,  and the i r  re la t ion to  magnetospheric  subs to rms .  The 

three s ta t ions and the i r  geomagnetic coordinates  a r e :  Flin Flon,  Manitoba 

(63. 6ON, 314. S o ) ,  College,  Alaska (64. 6ON, 656. 5O), Kiruna,  Sweden 

(65. 3ON, 115. 6 O ) .  

Cha r t  r e c o r d s  f r o m  Fl in  Flon containing micropulsat ion and x - r a y  

da ta  f r o m  September  1-9, 1966, and magnetograms f r o m  a number of 

a u r o r a l  zone s ta t ions were  also examined to de te rmine  the occurrence  

of subs to rms  and the local  time cha rac t e r i s t i c s  of the two phenomena 

during subs to rms .  The period fo r  which balloon x - r a y  data  was  available 

i s  shown in F igu re  1, and the r e s u l t s  of this  analysis  a r e  presented  in 

tabular  fo rm.  
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RESULTS 

F igures  2 and 3 contain energetic e lectron precipitation, m i c r o -  

pulsation and magnetometer  data f r o m  August 19-20, 1965, which was 

the mos t  active p a r t  of the five-day period. In the upper portion of 

each f igure,  l a rge  inc reases  in  r iometer  absorption o r  x - r ay  fluxes 

indicate the occurrence of e lectron precipitation events.  In the center  

the amplitude and frequency of micropulsations a t  Fl in  Flon a r e  plotted. 

The micropulsation data f r o m  College and Kiruna consisted of slow 

speed ea r th  cu r ren t  recordings.  

quantitative scalings for  these records .  However,  the occurrence and 

gene ra l  charac te r  of micropulsation events at these stations can be 

recognized in  the original data  and a r e  noted in Table 1, In the bottom 

of each  figure, magnetograms f r o m  the three  stations a r e  superimposed 

to show the occurrence  of substorms.  

Therefore ,  i t  was not possible to make 

In Table 1 we have l isted a l l  the significant events which occurred  

at the three  stations in the two-day period, August 19-20, 1965. I t  is 

shown in this table that each  of these events occur red  at  a t ime when 

a magnetospheric  subs to rm was in p rogres s  in the midnight sec tor .  

To fur ther  i l lustrate  this relationship,  we will examine two events in 

detail .  

A. 1500 U T ,  August 19, 1965 

The significance of the following observations is bet ter  understood 

when the geographic positions of the three  stations a r e  considered. 

F igu re  4 shows the i r  locations at 1500 UT; College was near  0500, F l in  

F l o n  a t  0800, and Kiruna at 1600 local  t ime. 

Figure 2 shows a strong negative bay a t  College at 1400 UT indica- 

No significant t ing that an a u r o r a l  breakup occurred over cent ra l  Russia .  
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disturbance was evident on the Fl in  Flon or  Kiruna magnetogram.  The 

e lcc t ron  precipitation associated with this  subs to rm occur red  f i r s t  a t  

Col lege,  then a t  Fl in  F lon ,  and l a t e r  a t  Kiruna. The e lec t ron  p r e c i -  

pitation a t  F l in  Flon was modulated with a 10 second per iod and had 

occasional  mic robur s t  groups.  An examination of the r iome te r  r e c o r d s  

f r o m  College and Kiruna shows that  the electron precipitation was of 

worldwide extent.  Somewhat e a r l i e r  at 1400 UT a l a rge  ampli tude,  high 

f requency  micropulsat ion event began at F l in  Flon and was of the band 

l imited i r r e g u l a r  type descr ibed  in paper  11. The College e a r t h  c u r r e n t s  

show a high frequency micropulsat ion event which coincided in t ime with 

the one a t  F l in  Flon. No micropulsat ion activity w a s  evident in the 

Kiruna  e a r t h  c u r r e n t s .  

B.  0500-1500 UT, August 20,  1965 

The geographic location of the th ree  s ta t ions in t e r m s  of local  t ime 

for  this  event i s  shown in F igure  5.  The a r r o w  indicates the region of 

loca l  t ime  through which each s ta t ion ro ta tes  during the event. 

An examination of the Flin Flon data  (F igure  3 )  shows a c lose 

relat ion between all t h ree  r eco rds .  A l a rge  negative bay began a t  0500 

UT and continued throughout the event.  The magnetograms show the 

occur rence  of a t  l ea s t  t h ree  negative bays having maximum development 

at 0800, 1020 and 1240 UT. The e lec t ron  precipitation began sharply 

at 0515 UT and had no evident s t ruc tu re .  Micropulsations were  slightly 

enhanced at this t ime in  both amplitude and frequency. At 0640 UT an 

impulsive e lec t ron  precipitation event was accompanied by a weak noise 

b u r s t .  

0735 UT in conjunction with a v e r y  s t rong  noise bu r s t  which underwent 

5 

A second impulsive electron precipi ta t ion event occur red  a t  

a rap id  t rans i t ion  to band limited i r r e g u l a r  pulsations.  At 0820 UT the 
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micropulsat ions reached  a peak in  f requency  corresponding to a 10 second 

per iod ,  

s ame  per iod.  F r o m  0900-1100 UT, during the second subs to rm,  only 

occasional f luxes of e lec t rons  were  observed  at Fl in  Flon,  and a second 

band l imited i r r e g u l a r  event occur red .  At 1115 U T  a noise  b u r s t  p r e -  

ceded the development of a third subs to rm.  The e lec t ron  precipi ta t ion 

s t a r t ed  a t  1230 UT and was modulated with long sequences of v e r y  r egu la r  

10 second pulsat ions.  Band limited i r r e g u l a r  micropulsat ions of s imi l a r  

per iod were  s t i l l  p resent .  

and modulated electron precipi ta t ion began with essent ia l ly  the 

Simultaneous balloon x - ray  data  for  this  event f r o m  Kiruna has  been 

published by the Sparmo group ( E h m e r t ,  1966). The x - r a y  data  for  

19-20  August, when avai lable ,  has  been plotted in  place of the Kiruna 

r i o m e t e r .  At 0400 UT a slight i n c r e a s e  in x - r a y  flux was observed a t  

Kiruna,  and reached  a peak at 0500 U T .  I t  should be noted that the 

onset  t ime and the t ime of maximum x - r a y  intensi ty  a t  Fl in  Flon and 

Kiruna were  the s a m e .  F r o m  0800-1000 UT a l a rge  flux of x - r a y s  were  

detected at Kiruna.  This  period cor responded to  the r ecove ry  phase of 

the f i rs t  subs to rm,  and coincided with the detection of l a r g e  x - r a y  f luxes 

at F l in  Flon.  No  indication of e lec t ron  precipi ta t ion was recorded  in  

the College r iome te r  unti l  the beginning of the second subs to rm during 

which low level  e l ec t ron  i luxes were  observed  simultaneously a t  all 

t h r e e  s ta t ions.  

The m o s t  s t r iking confirmation of the worldwide extent of the 

e l ec t ron  precipi ta t ion i s  demonst ra ted  by the th i rd  subs to rm.  L a r g e  

e l ec t ron  f luxes w e r e  observed s imultaneously over  12 hour s  of local  

t i m e  beginning a t  about 1200 UT. Elec t ron  precipi ta t ion begins f i r s t  

a t  College,  and then a lmost  simultaneously a t  F l in  Flon and Kiruna. 
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Hand l imited i r r e g u l a r  micropulsat ions w e r e  recorded  at F l in  Flon 

tliroughout the en t i re  per iod 0800-1400 UT ( 2 - 8  local t ime) .  They were  

a l so  observed  a t  Collegc during the third subs to rm,  when College 

finally rotated into the local  t ime interval  0200-1000. This  type of 

micropulsat ion was not recorded at Kiruna s ince Kiruna had passed  

beyond the appropriate  local  t ime in te rva l  by the t ime the first  subs to rm 

reached  maximum development. Other  ma jo r  events  occur r ing  in the 

two-day per iod 19-20 August 1966 a r e  descr ibed  in Table  I, and a r e  

shown to be re la ted  to the occurrence  of a magnetospheric  subs torm.  

OBSERVATIONS FROM SEPTEMBER 1-9, 1966 

Simultaneous balloon x - r a y  and micropulsat ion data  obtained at 

F l in  Flon f r o m  September  1-9 ,  

g r a m s  f r o m  seve ra l  stations to fur ther  examine the relat ionship of 

e lec t ron  p r  e cipitation and micropulsat ions to the magnetospheric  subs torm.  

The r e su l t s  of this ana lys i s ,  p resented  in Table 11, show that eve ry  

micropulsat ion and e lec t ron  precipitation event during this t ime occur red  

when a magnetospheric  subs torm was  in p r o g r e s s  somewhere  on the night 

s ide .  The t empora l  cha rac t e r i s t i c s  of the e lec t ron  precipi ta t ion and 

micropulsat ions and the local t ime that they were  observed  a t  F l in  Flon 

are noted, and a r e  seen  to  agree  with the local  t ime occurrence  pa t te rns  

p re sen ted  in pape r s  I and 11. 

1966 were  compared  with s tandard magneto-  

CONCLUSION 

Having shown in papers  I and I1 that,  when electron precipitation 

and micropulsat ions occur  a t  a given local time, they p o s s e s s  dis t inct  

t empora l  cha rac t e r i s t i c s  fo r  each  local  t i m e ,  evidence was presented  in  

this  paper  that  these  two phenomena occur  a lmost  simultaneously through- 

out the a u r o r a l  zone during an a u r o r a l  subs to rm.  Akasofu (1964) showed 



10. 

that a t  different phases  of the subs torm and a t  different longitudes, the 

physical appearance and temporal  cha rac t e r i s t i c s  of the a u r o r a l  f o r m s  

posses sed  well defined s t ruc tures  and occurrence  pat terns .  Even though 

simultaneous balloon x - r a y  and micropulsation exper iments  f r o m  many 

d i f fe ren t  stations have not been pe r fo rmed  f r o m  the establ ished local  

t ime occurrence  pat tern and the relationship to the subs to rm that was 

demonst ra ted  above, i t  can be concluded that  each specific f o r m  of 

energet ic  e lectron precipitation and micropulsat ion i s  probably occurr ing 

a t  i t s  respect ive local t ime during some  phase of the subs to rm develop- 

ment .  

The fac t  that the occurrence of an au ro ra l  subs to rm i s  present  

not only in au ro ra l  dis turbances,  but a l so  in  e lectron precipitation and 

micropulsation activity throughout the au ro ra l  zone, indicates that it i s  

the dynamical p rocesses  occurr ing in the magnetosphere which determine 

the local  t ime cha rac t e r i s t i c s  of the subs torm.  Recent satell i te observa-  

t ions have shown that many magnetospheric  phenomena a r e  cor re la ted  

with subs to rms .  In o rde r  to generalize the concept of the a u r o r a l  

s u b s t o r m  to include the world-wide disturbance charac te r i s t ics  and to 

emphas ize  the importance of the magnetosphere in au ro ra l  zone observa-  

t ions,  we have suggested the t e r m  magnetospheric  subs torm.  
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18. 

FIGURE CAPTIONS 

F igure  1 - High altitude balloon f l ights  made  f r o m  F l i n  Flon,  

Manitoba, Canada during e a r l y  September ,  1966. 

F igure  2 - Elec t ron  precipitation, micropulsat ion and magneto- 

m e t e r  data at three a u r o r a l  zone stations,  19 August 1965. 

F igu re  3 - ElecJron precipitation, micropulsat ion and magnetometer  

data at t h r e e  aurora l  zone stations,  20 August 1965. 

F igu re  4 - Posi t ion i n  local time of var ious au ro ra l  zone s ta t ions 

at 1500 universal  t ime. 

F igu re  5 - Posi t ion in  loca l  time of var ious au ro ra l  zone s ta t ions 

at 0500 universal  t ime.  
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